Rapamycin, an immunosuppressant and antiproliferative agent, reduces intimal hyperplasia after arterial injury in animal models and in a preliminary study in humans. Rapamycin treatment reportedly increases expression of p27, a cyclin-dependent kinase inhibitor. This mechanism was tested using a p27-deficient (p27 Ϫ/Ϫ) murine model. Aortic smooth muscle cells from wild-type (WT) and p27 Ϫ/Ϫ mice were isolated and cultured. Cell proliferation, assessed by cell count and 3 H-thymidine incorporation, was inhibited significantly by rapamycin in WT and p27 Ϫ/Ϫ cells at concentrations of 1 ng/ml, 10 ng/ml, and 100 ng/ml (p Ͻ 0.05, versus control). The in vivo effect on intimal hyperplasia was studied in p27 Ϫ/Ϫ and WT mice after femoral artery transluminal injury. Rapamycin treatment was started 2 days before injury and maintained for 2 weeks (1 mg/kg per 48 hours, ip). No significant differences in intima-to-media ratio were found between WT (1.1 Ϯ 0.1) and p27 Ϫ/Ϫ mice (1.0 Ϯ 0.1) 4 weeks after injury. Rapamycin significantly (p Ͻ 0.05) reduced intima-to-media ratios in both WT (0.7 Ϯ 0.1) and p27 Ϫ/Ϫ mice (0.5 Ϯ 0.1), compared with untreated mice. p27 deficiency did not alter the arterial wall proliferative response to injury. The inhibitory effect of rapamycin on intimal hyperplasia occurred via a p27-independent mechanism. The in vitro data showed that this effect was mediated through decreased proliferation and enhanced apoptosis. (Lab Invest 2001, 81:895-903).
xcessive vascular smooth muscle cell (SMC) proliferation is a feature of restenosis after percutaneous coronary interventions and is present in spontaneous atherosclerotic lesions (Casscells, 1992; Foegh and Virmani, 1993; Ross, 1999) . Control of cell proliferation by targeting cell-cycle regulation has been proposed as a therapeutic strategy to prevent development of intimal hyperplasia (Braun-Dullaeus et al, 1998; Chang et al, 1995; Chen et al, 1997; Li and Brooks, 1999; MacLellan and Majesky, 1997; Mann et al, 1999; Morishita et al, 1994 .
Cyclin-dependent kinase inhibitors (CDKIs) are critical regulators of cell-cycle progression. These proteins bind to complexes formed by cyclins and cyclindependent kinases (CDKs), inhibiting their enzymatic activity and thereby inducing cell-cycle arrest (Sherr and Roberts, 1995) . p27 kip1 is an ubiquitous CDKI with a predominant role in regulating G1/S phase transition, determining cell entry into S phase or withdrawal from the cycle (Koff et al, 1993; Polyak et al, 1994) .
Mitogenic stimuli, such as platelet-derived growth factor (PDGF) and interleukin-2, down-regulate p27 (Nourse et al, 1994) . Low intracellular levels of free p27 enable retinoblastoma protein (pRB) hyperphosphorylation by cyclin-CDK complexes, subsequent release of E2F transcription factor, and cell replication .
Rapamycin is a potent growth inhibitor that impairs progression through G1/S transition (Marx et al, 1995) . Proposed mechanisms of action include inhibition of p70S6 kinase, impairment of pRB hyperphosphorylation, and prevention of p27 down-regulation (Dumont and Su, 1996; Marx et al, 1995) . Regulation of p27 levels is thought to be critical for the antiproliferative activity of rapamycin (Luo et al, 1996) . We previously demonstrated that rapamycin inhibits intimal hyperplasia after coronary angioplasty in the pig, and is associated with increased p27 levels and decreased phosphorylation of pRB in the vessel wall (Gallo et al, 1999) . More recently, a pilot human study reported a lack of neointimal proliferation after implantation of rapamycin-coated stents (Sousa et al, 2001) .
Our current study examines the effect of p27 on neointimal formation after injury and whether lack of p27 influences the antiproliferative effect of rapamycin. We used a previously characterized p27-deficient murine model (Fero et al, 1996; Kiyokawa et al, 1996; Nakayama et al, 1996) . Additionally, the effects of rapamycin on wild-type (WT) and p27-deficient (p27 Ϫ/Ϫ) mouse vascular SMC proliferation and apoptosis were studied in vitro. The inhibitory effect of rapamycin seems to be mediated through decreased proliferation and enhanced apoptosis, by p27-independent mechanisms. In vivo, p27 deletion did not alter the proliferative response to injury induced by transluminal endothelial denudation to the femoral artery.
Results

Effect of p27 Deletion on the Proliferative Response after Arterial Injury
By 28 days after transluminal injury, mouse femoral arteries developed a robust proliferative response. In WT mice (n ϭ 20 arteries), intimal area was 8746 Ϯ 736 m 2 , and the intima-to-media (I/M) ratio was 1.1 Ϯ 0.1. This translated into luminal narrowing of 23% Ϯ 2% (Figs. 1A and 2, A and B). In p27 Ϫ/Ϫ mice (n ϭ 33 arteries), intimal area was 9378 Ϯ 776 m 2 , I/M ratio was 1.0 Ϯ 0.1, and luminal narrowing was 23% Ϯ 2% (p ϭ not significant versus WT) (Figs. 1B and 2, A and B) . No significant differences between WT and p27 knockout mice were observed regarding vessel area, medial area, lumen area, lengths of internal and external elastic laminae, or lesion composition.
Inhibitory Effects of Rapamycin on Intimal Hyperplasia
Rapamycin induced a significant reduction in the intimal response after injury. In WT mice (n ϭ 25 arteries) compared with control treatment, rapamycin reduced the intimal area (5875 Ϯ 830 m 2 ; p ϭ 0.01), I/M ratio (0.6 Ϯ 0.1; p ϭ 0.002), and luminal narrowing (15% Ϯ 2%; p ϭ 0.02) (Figs. 1C and 2, A and B) . p27 Ϫ/Ϫ mice (n ϭ 16) treated with rapamycin also exhibited significant reductions of intimal area (5117 Ϯ 1249 m 2 ; p ϭ 0.007), I/M ratio (0.5 Ϯ 0.1; p ϭ 0.001), and luminal narrowing (12% Ϯ 3%; p ϭ 0.006) versus control-treated p27 Ϫ/Ϫ mice (Figs. 1D and 2, A and B).
Antiproliferative Effect of Rapamycin on Mouse Aortic SMC
Antiproliferative effects of rapamycin in aortic SMC from WT and p27 Ϫ/Ϫ mice were investigated. Aortic SMC were cultured in 10% fetal bovine serum (FBS) with different concentrations of rapamycin. Rapamycin inhibited proliferation of aortic SMC from WT ( Fig.  3A ) and p27 Ϫ/Ϫ (Fig. 3B ) mice at the three concentrations used (1, 10, and 100 ng/ml). In both cell types, rapamycin also significantly inhibited PDGF-inducible DNA synthesis, determined by 3 H-thymidine incorporation (Fig. 4) .
Immunohistochemical assessment of Ki67 proliferative index at baseline conditions showed that 10% Ϯ 1% of WT SMC were immunoreactive for Ki67, compared with 11% Ϯ 3% Ki67-immunoreactive p27 Ϫ/Ϫ cells. Rapamycin added to the culture media for 72 
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hours reduced the proliferative index by 3% Ϯ 1% in WT (p ϭ 0.0004 versus baseline) and 5% Ϯ 1% in p27 Ϫ/Ϫ cells (p ϭ 0.07) (Fig. 5) .
Rapamycin Alters p27 Expression and Apoptosis In Vitro
In cultured p27 Ϫ/Ϫ SMC, p27 expression was not detected, as expected (Fig. 6) . In WT cells, p27 was expressed in 5% Ϯ 2% of cells incubated with 10% FBS at baseline conditions (Fig. 7) ; increased expression (32% Ϯ 6%; p ϭ 0.03) was found with exposure to rapamycin.
Apoptosis was detected in 7.5% Ϯ 1% of WT cells, and 1% Ϯ 0.5% of p27 Ϫ/Ϫ cells at baseline (p ϭ 0.004). Rapamycin enhanced apoptosis in both cell lines to 15% Ϯ 2% (p ϭ 0.01 versus baseline) and 19% Ϯ 4% (p ϭ 0.009), for WT and p27 Ϫ/Ϫ cells, respectively (Fig. 8 ).
Discussion
Targeting cell-cycle regulation is a potential therapeutic approach to control SMC proliferation. SMC proliferation is thought to be critical to the development of vascular occlusive lesions such as restenosis after coronary interventions, post-transplantation vasculopathy, and other forms of accelerated atherosclerosis. This study examined the role of p27, a negative cell-cycle regulator, on the vessel wall response to injury. The effects of rapamycin in the presence and absence of p27 were also studied, because rapamycin reduces intimal hyperplasia after injury through mod- Effect of rapamycin on mouse aortic smooth muscle cell (SMC) proliferation. A, WT; B, p27 Ϫ/Ϫ SMC grown in 10% fetal bovine serum (FBS), alone or in the presence of 1 ng/ml (R1), 10 ng/ml (R10), and 100 ng/ml (R100) of rapamycin, Treatment with rapamycin blocked proliferation of WT and p27 Ϫ/Ϫ cells. Data represent the average of five experiments. ulation of p27 levels. In the mouse model of femoral arterial injury, lack of p27 did not alter the vessel wall intimal hyperplasia. Additionally, rapamycin reduced intimal hyperplasia in both WT and p27 Ϫ/Ϫmice. Moreover, rapamycin decreased proliferation and enhanced apoptosis of mouse aortic SMC in culture. These findings corroborate a p27-independent mechanism for the inhibitory effect of rapamycin on SMC proliferation and neointimal formation.
Intracellular levels of p27 determine the threshold for cell-cycle progression through S phase. p27 is implicated in cell-cycle arrest mediated by cAMP (Kato et al, 1994) , transforming growth factor-␤ (Koff et al, 1993) , and rapamycin (Nourse et al, 1994) . p27 levels are regulated through translational (Hengst and Reed, 1996) and post-translational control by proteolytic degradation (Pagano et al, 1995) . Growth factors released at the site of injury, such as PDGF, inhibit p27 synthesis in vitro (Agrawal et al, 1996) , which may explain the rapid down-regulation of p27 and subsequent increase in cell proliferation in the vessel wall after injury (Reis et al, 1999; Tanner et al, 1998) .
Cells lacking p27 have a shortened G1 phase (Coats et al, 1996) . p27 Ϫ/Ϫ mice exhibit multiple organ hyperplasia caused by generalized hypercellularity, which is most prominent between 4 to 8 weeks of age (Fero et al, 1996; Kiyokawa et al, 1996; Nakayama et al, 1996) . p27 Ϫ/Ϫ mice also have an increased incidence of tumors, consistent with the body of evidence attributing a protective role to p27 in the progression and prognosis of proliferative diseases such as cancer (Catzavelos et al, 1997; Cordon-Cardo et al, 1998; Loda et al, 1997; Ophascharoensuk et al, 1998) . These observations led to the hypothesis that the lack of p27 would enhance intimal proliferation after injury. In this study, p27 Ϫ/Ϫ mice underwent arterial injury at 6 weeks of age, to maximize potential differences in response to injury at a time when p27 absence has the highest influence on growth and development. However, the results show that intimal response to injury is not altered by lack of p27 in this murine model.
Treatment of cultured SMC with growth factors is widely used as a model of SMC proliferation associated with arterial injury. In the current study, no differences in PDGF-inducible 3 H-thymidine incorporation at 24 hours, or in Ki67 immunoreactivity at 24 hours were seen between WT and p27 Ϫ/Ϫ cells. This agrees with previous in vitro studies showing similar responses to mitogens in WT and p27 Ϫ/Ϫ embryonic fibroblasts and T cells (Nakayama et al, 1996) . In contrast, prolonged measurements of cell numbers suggest that, surprisingly, p27 Ϫ/Ϫ SMC have an increased doubling time during log-phase growth. The up-regulation of other CDK inhibitors, such as p21 and p16, compensating for the lack of p27 might account for these results (Casaccia-Bonnefil et al, 1999; Kiyokawa and Koff, 1998) . Other mechanisms of CDK inactivation, such as increased inhibitory CDK phosphorylation, may also play a role (Hengst and Reed, 1998) . Our results also suggest that short-term measures of cell proliferation, such as 3 H-thymidine incorporation or Ki67 immunoreactivity, may not be sufficient to detect alterations in cell growth that occur over a 1 to 3 week period. Additionally, abnormalities identified in cell culture may not accurately reflect the in vivo setting, where no changes in intimal hyperplasia were seen between the p27 Ϫ/Ϫ and WT mice.
Rapamycin is a potent inhibitor of vascular SMC proliferation and migration (Marx et al, 1995; Poon et al, 1996) . Regulation of p27 levels has been suggested to be critical for the antiproliferative effect of rapamycin (Chellappan et al, 1998; Luo et al, 1996) . Antibodies to p27 eliminate its inhibitory activity in rapamycintreated cells, suggesting that increased levels of p27 are responsible for this inhibition (Nourse et al, 1994) . In previous studies, we and others demonstrated that rapamycin reduces intimal hyperplasia after experimental balloon angioplasty (Burke et al, 1999; Gallo et al, 1999; Morris et al, 1995) . Levels of p27 were increased and pRB phosphorylation was inhibited in the vessel wall of rapamycin-treated animals (Gallo et In vitro effect of rapamycin on mouse aortic SMC DNA synthesis.
3 H-thymidine incorporation in WT and p27 Ϫ/Ϫ cells after 24-hour exposure to 10 ng/ml of PDGF ϩ rapamycin, at doses of 1 ng/ml (R1), 10 ng/ml (R10), and 100 ng/ml (R100). Results are expressed as percentage of 3 H-thymidine uptake over the maximum obtained with PDGF alone. Data correspond to the average of four experiments.
Figure 5.
In vitro effect of rapamycin on mouse aortic SMC Ki67 proliferative index. Proliferation index was assessed by measurement of the number of Ki67-immunoreactive nuclei per field. The assessment was performed after a 72-hour treatment with either FBS or rapamycin 10 ng/ml (R10). Results are expressed as the percentage of immunoreactive cells. Roqué et al al, 1999) . In addition to the effect on p27 modulation, a p27-independent mechanism of action was postulated for rapamycin because of studies showing that rapamycin inhibits in vitro proliferation of T lymphocytes and fibroblasts from p27 ϩ/ϩ and p27 Ϫ/Ϫ mice comparably (Luo et al, 1996; Nakayama et al, 1996) .
Exposure of cultured SMC to rapamycin resulted in a dose-dependent inhibition of cell proliferation in both WT and p27 Ϫ/Ϫ SMC. In vivo, rapamycin reduced intimal hyperplasia formation 4 weeks after injury, independent of p27 genotype. Rapamycin delays cell-cycle progression at the G1/S and G2/M transition points, but it does not completely block proliferation. Inhibition is usually no higher than 50% to 70%, suggesting that cells may still proliferate with an increased doubling time (Marx et al, 1995; Terada et al, 1993) . These data are consistent with our findings of a 50% reduction in the lesion area, and inhibition of DNA synthesis by 40% to 60% in both WT and p27 Ϫ/Ϫ SMC. These results support the concept that rapamycin acts through p27-independent mechanisms, in addition to the previously reported p27-dependent mechanisms of action.
Inhibition of proliferation or migration could account for the in vivo effect of rapamycin on intimal hyperplasia. Although we demonstrated in vitro inhibition of SMC proliferation, the possibility of an effect on migration cannot be excluded. Other in vitro studies showed that rapamycin blocks proliferation as well as migration (Marx et al, 1995; Poon et al, 1996) . For instance, PDGF, suggested to have a role in processes caused by an excessive fibroproliferative response such as atherosclerosis and pathologic vessel healing, induces migration and proliferation through distinct pathways (Bornfeldt et al, 1995; Kundra et al, 1994) . To our knowledge, no link has been established between p27 and cell migration pathways. p27 is likely to only be involved in proliferation; therefore, rapamycin's major effect in vivo may be through migration. This would explain the similar reductions in intimal hyperplasia obtained in WT and p27 Ϫ/Ϫ mice.
In this study, the in vitro inhibitory effect of rapamycin was mediated through decreased proliferation and enhanced apoptosis. At baseline, apoptosis rates Expression of p27 in mouse aortic SMC. Expression of p27 was present in WT but absent in p27 Ϫ/Ϫ SMC. Expression of p27 is identified by brown nuclear immunoreactivity (arrows).
Figure 7.
Effect of rapamycin on p27 expression in mouse aortic SMC. Immunohistochemistry for p27 in WT and p27 Ϫ/Ϫ SMC was performed after a 72-hour treatment with either FBS or rapamycin 10 ng/ml (R10). Results are expressed as the mean percentage of immunoreactive cells. were lower in p27 Ϫ/Ϫ SMC. Rapamycin enhanced apoptosis in both WT and p27 Ϫ/Ϫ cells; however, higher rates were found in p27 Ϫ/Ϫ than WT cells. A link between p27 and apoptosis was suggested in a study where p27 reconstitution rescued serumstarved p27 Ϫ/Ϫ cells from apoptosis, implying a protective effect of p27 against programmed cell death (Hiromura et al, 1999) . In our experiments, cells were grown in the presence of growth factors at all times and, therefore, the mechanism of rapamycininduced apoptosis may be different. Similar proapoptotic effects of rapamycin were previously shown in several cell lines (Hosoi et al, 1999; Muthukkumar et al, 1995) . Induction of p53-independent apoptosis and blockade of bcl-2 induction by rapamycin are among the proposed mechanisms (Hosoi et al, 1999; Miyazaki et al, 1995) .
In summary, this study demonstrated that the mechanism of action for the antiproliferative effect of rapamycin is p27-independent, and that a lack of p27 does not affect the development of intimal hyperplasia in response to injury. Inhibition of SMC proliferation or migration could have mediated the reduction in intimal hyperplasia by rapamycin. Additionally, the in vitro effect of rapamycin seemed to be mediated by both decreased proliferation and enhanced apoptosis. These findings support the concept that regulation of cellular mechanisms of proliferation and apoptosis might be used in a therapeutic context to control intimal hyperplasia. Additional studies involving the use of animal models deficient in other CDK inhibitors or cell-cycle regulators, and atherosclerotic mice may bring additional insight into mechanisms and therapeutic approaches.
Materials and Methods
Animals and Experimental Design
Sixty-one WT and p27 Ϫ/Ϫ male and female mice, of the C57BL/SV129 strain, were used. p27 Ϫ/Ϫ mice were generated by targeted mutagenesis and previously characterized (Fero et al, 1996; Kiyokawa et al, 1996; Nakayama et al, 1996) . For this study, littermate mice were bred from p27 heterozygous pairs, provided by Dr. A. Koff, Memorial Sloan Kettering Cancer Center, New York City, New York. Genotype was confirmed by immunoblotting blood samples with an affinity-purified p27 rabbit polyclonal antibody (1:3000 dilution), as described (Park et al, 1999) . Animals were housed at the Center for Laboratory Animal Sciences, The Mount Sinai Medical Center, New York City, New York, and received standard rodent chow (PMI Nutrition International, St. Louis, Missouri) and tap water ad lib. Procedures were approved by the Institutional Animal Care and Use Committee, and carried out in accordance with the "Guide for the Care and Use of Laboratory Animals" (National Research Council, 1996) .
For the in vivo study, WT (n ϭ 30) and p27 Ϫ/Ϫ (n ϭ 31) mice underwent femoral artery injury, and were allocated to receive either rapamycin (Sirolimus, provided by Dr. S. Sehgal, Wyeth-Ayerst, Princeton, New Jersey) suspended in a vehicle solution of 0.2% sodium carboxymethylcellulose and 0.25% polysorbate 80, or an equal volume of vehicle solution, used as control treatment. Rapamycin was administered 48 hours before the intervention at a loading dose of 1.5 mg/kg, ip, and followed by 1 mg/kg per 48 hours, ip, for 2 weeks. To assess intimal hyperplasia, mice were euthanized 4 weeks after arterial injury.
Femoral Artery Transluminal Injury
Mice underwent bilateral femoral artery injury at 6 to 8 weeks of age. General anesthesia was achieved with pentobarbital sodium injection (Nembutal, Abbott Laboratories, North Chicago, Illinois), 40 mg/kg of body weight, ip. The femoral artery was exposed through a groin incision under a surgical microscope (Carl Zeiss, Thornwood, New York). Transluminal arterial injury was achieved by three passages of a 0.25-mm diameter angioplasty guidewire (Advanced Cardiovascular Systems, Tamecula, California) (Reis et al, 1998; Roque et al, 2000) . After clamping the femoral vessels at the level of the inguinal ligament, an arteriotomy was made distal to the inferior epigastric artery, the guidewire inserted, the clamp removed, and the wire advanced to the level of the aortic bifurcation and pulled back. After removal of the wire, the arteriotomy site was ligated. This model is associated with significant intimal hyperplasia; I/M ratios of 1:1 by 4 weeks.
Mouse Aortic SMC Culture Studies
SMC were obtained from thoracic aortas of 4-to 6-week-old p27 Ϫ/Ϫ and WT mice. Adventitia and endothelium were removed after digestion of the aortic segments with collagenase type II (Worthington, Lakewood, New Jersey). The media was further digested with collagenase and elastase (Sigma, St. Louis, Missouri), which yielded approximately 100,000 cells/aorta. Cells were grown in Dulbecco's modified essential medium (DMEM) containing 10% FBS, 100 U/ml of penicillin, and 100 g/ml of streptomycin, and incubated at 37°C with 5% CO 2 . SMC lineage was confirmed by presence of immunoreactivity for ␣-actin (Alkaline Phosphatase-Conjugated Monoclonal Anti-␣-Smooth Muscle Actin; Sigma; 1:100) in more than 90% of the cells. All experiments were performed using passages 3 to 5.
To assess proliferation, cells were plated in 12-well dishes at a density of 6 ϫ 10 3 cells/ml, in the presence or absence of different concentrations of rapamycin (1 ng/ml, 10 ng/ml, and 100 ng/ml). Fresh rapamycin was added with each medium change every 48 hours. At 1, 3, 5, 7, 9, 11, 13 , and 15 days after plating, wells were trypsinized and counted in a hemocytometer.
DNA synthesis was determined by 3 H-thymidine incorporation. SMC were plated in 12-well dishes (6 ϫ 10 3 cells/ml) and incubated for 24 hours in DMEM supplemented with 1% FBS. Cells were washed in phosphate buffered saline (PBS) and incubated for 24 Roqué et al hours with 1 Ci of 3 H-thymidine in DMEM ϩ PDGF (10 ng/ml), in the presence or absence of rapamycin, precipitated with 10% trichloroacetic acid for 60 minutes at 4°C, and solubilized with 0.1N NaOH. Radioactivity was measured in a liquid scintillation counter. These experiments were performed in triplicate, using quadruplicate wells.
Histology, Immunohistochemistry, and TUNEL Assay
For harvesting of specimens, perfusion-fixation was performed with 4% paraformaldehyde in PBS at 100 mmHg for 4 to 6 minutes, followed by en bloc excision of both hindlimbs. Specimens were fixed overnight in 4% paraformaldehyde in PBS and decalcified overnight in 10% formic acid. Two 2-mm-thick transverse segments were cut from each thigh at the level of injury in the common femoral artery and processed for paraffin embedding. Sections were stained with modified elastic tissue-Masson trichrome (Garvey, 1984) .
Arterial cross-sections were analyzed using computerized morphometry (Software: NIH Image 1.60). Using the two sections obtained from each artery, the section with maximal luminal narrowing was selected for the measurements of luminal area, medial area, intimal area, vessel area, and lengths of the internal elastic lamina and external elastic lamina. Percentage of stenosis and I/M ratio were calculated as described previously (Gallo et al, 1999; Roque et al, 2000) . Arteries with occlusive thrombi were excluded from the morphometric analysis.
To assess expression of p27 and Ki67 (a marker of cell proliferation) and apoptosis rates, WT and p27 Ϫ/Ϫ aortic SMC were incubated in 10% FBS in the presence or absence of rapamycin (10 ng/ml) for 72 hours, spun onto glass slides, and fixed in methanolacetone (50/50 v/v). Slides were immunohistochemically reacted for Ki67, and p27 kip1 . Sections were incubated for 1 hour at room temperature with primary antibodies to Ki67 (1:1000; rabbit polyclonal antibody, NovoCastra, Newcastle, United Kingdom), and p27 kip1 (1:1000; affinity-purified rabbit polyclonal antibody raised against a glutathione S-transferase fulllength murine p27 fusion protein [provided by Dr. A. Koff, Memorial Sloan-Kettering Cancer Center, New York City, New York]). A biotinylated goat anti-rabbit IgG antibody (1:1000; Vector Laboratories, Burlingame, California) was applied for 45 minutes, followed by avidin-biotin peroxidase complexes (1:25; Vector Laboratories) for 30 minutes. Diaminobenzidine was used as the final chromogen, and hematoxylin for nuclear counterstaining. Negative controls were prepared by substituting the primary for an irrelevant antibody. The positive controls were mouse lymph node for Ki67 and mouse thymus for p27.
Apoptosis was evaluated by the terminal deoxytransferase-mediated dUTP-biotin nick endlabeling (TUNEL) method. This assay was a modification of that described originally (Gavrieli et al, 1992) , and was based on the specific binding of terminal deoxinucleotinyl transferase (TdT) to 3'-OH ends of DNA, to ensure the synthesis of a polydeoxynucleotide. After exposure of nuclear DNA by proteolytic treatment, TdT was used to incorporate biotinylated deoxyuridine at sites of DNA breaks. The signal was amplified by avidin-biotin peroxidase complexes, and visualized by diaminobenzidine deposition, enabling conventional histochemical identification of reactive nuclei by light microscopy. Positive controls for TUNEL were moderately (2 rads) and severely (10 rads) irradiated mouse thymuses harvested 8 hours after irradiation.
Quantitation of immunolabelled cells was performed using high-power magnification (ϫ400); immunoreactive cells were identified by brown nuclear reactivity. Six high-power fields per slide were analyzed. The number of immunoreactive cells was normalized to the total number of cells in the vessel wall, and results were expressed as percentages. All sections were analyzed by two investigators blinded to the study design.
Statistical Analysis
Numerical data were expressed as meanϮSEM. A two-tailed, unpaired t test was used to compare data between WT and p27 Ϫ/Ϫ mice, and between untreated and rapamycin-treated groups. P values Ͻ0.05 were regarded as significant.
